The work of Slade, Templeman, and Sexton (1945) 2 in England proved conclusively that 2,4-D and many other compounds having similar properties will kill weeds when applied directly to the soil. Leaching tests by Nutman, Thornton, and Quastel (1945) proved that 2,4-D was not completely removed from a Rothemsted soil by 5.6 inches of water.
In contrast to the British work, studies in this country have stressed the use of 2,4-D compounds as sprays against perennial weeds, and during the early period of investigation effects through the soil were overlooked or neglected. Many of the original containers which were used to distribute 2,4-D to users were labeled "Will not sterilize the soil." The fallacy of such labeling has been pointed out (Crafts, 1945) .
Studies by De Rose at Camp Detrick (1946) confirmed the toxicity of 2,4-D in soils and showed that it could be removed by leaching. Hanks (1946) observed that leaching removed 2,4-D from limed as well as unlimed soils. An alkaline soil retained the toxicant longer than neutral or acid soils. Taylor (1947) found 2,4-D to persist in the field seven weeks or more following treatment at four pounds per acre. Pretreatment with 2,4-D to control weeds resulted in stimulation of growth of beans and corn to values above those of control cultures. Kries (1947) found 2,4-D to persist for 18 weeks in dry soil but to decompose during four weeks of cropping in the greenhouse.
Work on 2,4-D toxicity in soils began in April, 1945" and one short publication (Crafts, 1946) has presented some of the early results. The present studies involve toxicity tests in eight soils, percolation tests in five soils, and leaching tests in three soils, all soils from series agriculturally important to California. While these studies in the greenhouse were in progress, field trials (Harvey and Crafts, 1945) and many commercial applications of 2,4-D were 'under observation.
MATERIALS AND METHODS
The soils used in the greenhouse were stocks of air-dry surface samples that had been collected in the field and assembled in Davis several years ago. 'I'hey had been pulverized and screened at the time of collection.
The toxicity tests were conducted by a method described in several previous papers (Crafts, 1935 (Crafts, , 1936 (Crafts, ,. 1945 . Several series of pot cultures, each series containing 10 cultures, were grown in the greenhouse in No.2 cans. Three test plants were used: Kanota oats, sunflowers; and Alaska field peas. The series of oat cultures contained the following concentrations of 2, 4-D: 0.0, 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 p.p.m. in the air-dry soil. The sunflower and pea cultures contained 2,4-D at one tenth the above concentrations. The crops were grown 30 days from planting and then cut off at ground level and the heights and fresh weights measured.
The soils used were Aiken clay loam, Egbert loam, Hanford fine sandy loam, Sierra fine sandy loam, Stockton adobe clay, Yolo fine sandy loam, Yolo clay 10aIn, and Yolo adobe clay. Each culture contained 500 grams of soil.
In setting up the experiments the necessary amount of 2,4-D was measured from a stock solution, diluted to a total volume sufficient to bring the soil of the culture to field capacity, and added to the soil. The cans were not perforated and all watering (tap water) was done by weight so that nothing was lost from the cans. When the first crop had been harvested the tops of the plants were returned to each culture. After drying for about 30 days the tops were removed, the soil taken out and pulverized, thetops placed in the empty can, and the soil poured in. Finally, the cultures were watered to weight and seeded. This process was repeated for each crop. April, 1949J Crafts: 2,4-D in Soils 143 Percolation tests were conducted using' celluloid soil tubes filled with airdry soil and moistened from above through small glass pipettes adjusted to deliver about 12 drops of 2,4-D stock solution per minute. When a complete set of tubes had been moistened, each tube was laid on its side on a table and opened. The soil column was cut into eleven equal portions; each portion was mixed, placed in a No.2 can, and seeded. The test plants used were oats and peas, and the concentrations are given in the tables containing the crop data. These tests were designed to study retention of 2,4-D by soils.
Leaching tests were run by moistening soil tubes as explained above and then leaching each with a predetermined volume of distilled water. The leached columns were divided and seeded and the crop yield after 30 days used to 111eaSUre 2,4-D toxicity in the soils. adobe clay. There seems to be no simple relation between toxicity and soil characteristics among these eight soils. Except for the position of Yolo adobe clay in this line-up, a tendency toward correlation of toxicity with textural grade is discernible, toxicity being high in light, sandy soils and lower with decreasing particle size. The evidence given later that 2,4-D 'is retained by soils against the leaching action of moving water supports this view. On the other hand, Yolo adobe clay is an obvious exception to this rule, and no explanation is available. Because the Yolo soils are recent alluvial in origin, the adobe clay is probably water-separated instead of weathered to a clay state. Hence, though Yolo adobe clay is composed of very fine particles and displays adobe characteristics, it may be lower in actual colloid content than a soil like Stockton adobe clay. Yolo adobe clay showed anomalous behavior in arsenic studies also Rosenfels and Crafts, 1939) . 146 Hilgardia [·Vol. 19, No.5 The additional concentrations added to the series in Egbert loam and Stockton adobe clay at the end of the first run proved that sufficiently high concentrations of 2,4-D will render even these soils sterile. However, by the third and fourth runs this additional chemical had decomposed in the soil. 
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Examination of the data for the second and third runs proved that in practically all cases the chemical had so decomposed that little toxicity was left. In all cases by the third run cultures somewhere along in the series were heavier than the untreated checks. In the heavy soils some crops were up to twice or more the weight of the checks, indicating definite stimulation. Such stimulation has been noted in a number of studies on such herbicides as borax, 
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. . Hilgal'dia [Vol. 19, No.5 chlorate, thiocyanate, ammate, and phenols, but only in soils where larger amounts of chemical have been involved. Hanks (1946 ), Taylor (1947 , and Kries (1947) all noted stimulation in their studies with 2,4-D. The consistent differences in toxicity of 2,4-D between oats and the two broad-leafed crops indicate the natural range of biological tolerance to toxic chemicals found wherever plants of widely differing character are tested against a single toxic substance. These differences are the basis for the selec- 
4't-\------+------+------+--FIG. 6 HANFORD FINE SANDY LOAM
- IV \ \ II --------, ----1 -----+ -------1 ------+ ------+ -----+ -----1 \ OJ------\ ------+ ------+ ------+ ------+ ------+ -----t \ , \ • .......-------+--, --. . . . + ------+ -----+ -----+ -----+ ---ĩ \ •.' \~-___+_--'-,~------I------+-----+-----+---t ..•. " .\.. " SUNFLOWERS " ---1- 1 _ - - -+-- - - -+--- - - +-------1 t--~-----+---; I . , . . . . . . 1'----- t l ------+ --" . Li----l...1-I -----1----- .\ I ---.. ••• OATS I l ..I···•.•.••.....•..' PEAS I I I ... L.- ---" -... •• ...;;..-~• •••••••••• _ •• _ •• _._•••••• _._•••••••• _ •••••• _ ••• -u i.,~,~-,....--"l---..------+---FIG.~SIERRA FI~E SANDY LOAM - . .. - ' SUNFLOWERS .. I I I -...-_---------------~--...
April, 1949J
Crafts: 2,4-D in So-ils 151 tive action of 2,4-D and other chemicals on weeds in cereals when treated through the soil (Slade, Templeman and Sexton, 1945) .
Percolation. Results of percolation tests illustrated by figures 9 and 10prove
that 2,4-D is retained in soils, behaving about like borax in that respect. Inspection of the graphs on oats shows most of the chemical retained in the top four fractions in Hanford sandy loam, in the top six in Yolo clay loam, in the top six in Stockton adobe clay with some in the seventh and eighth fractions, in the top eight fractions in Fresno loam and in the top nine in Yolo fine sandy loam. As the concentration was increased the chemical tended to occupy more soil, this tendency being stronger in Hanford, Fresno, and Stockton soils than in Yolo. Retention of 2,4-D does not follow any fixed pattern of behavior as does arsenic but varies in such a way that neither textural grade nor parent material gives any clear clue to the factors involved. The retention shown indicates that 2,4-D residues in soils will tend to.remain concentrated in surface layers and will not leach as readily as chemicals such as chlorate or nitrate. Results of retention indicated by peas are fairly comparable with those where oats were used, particularly since much lower dos- 
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.... ,1-) figure 11 . In Stockton adobe clay the chemical was retained from the initial moistening solution in the top eight fractions. Ten em of water lowered the concentration slightly but did not displace the chemical from the top of the column. This application did lower the bottom of the region of concentration into the ninth and tenth fractions. Twenty em lowered the concentration appreciably in the top two fractions and probably took a bit of the chemical into the bottom fraction. Forty em reduced the concentration even more in the top two fractions and displaced the concentrated layer into the bottom fraction. Eighty cm lowered the concentration in the third and fourth fractions, 160 lowered it in the nine top fractions, and 320 washed it completely from all but the eleventh fraction. Leaching displaced the chemical downward somewhat more readily in Yolo fine sandy loam, but in Yolo clay loam the original percolation left the chemical more firmly tied in the soil, leaching was a bit less effective, and even 320 em left appreciable concentrations in the tenth and eleventh fractions.
If the curves of figures 9 and 10 are carefully examined it will be found that in several cases crop yields are greater on soils moistened with solutions that originally contained 2,4-D than they are on soils moistened with water. This is evidence again that very low concentrations of 2,4-D are stimulating. This aspect of the use of growth regulators should be thoroughly studied; it indicates a possible use of these materials as a supplement to fertilizer application.
DISCUSSION
Results of the experiments reported here, plus observations in the field, have led us to the following conclusions:
1. Under California conditions .residual toxicity of 2,4-D following spray application is sufficient to cause injury to subsequent crops, the extent of injury depending on temperature, moisture, and soil reaction. 2. In semiarid western states, spraying 2,4-D on foliage gives better and safer weed control than application direct to the soil. 3. Where winter rainfall does not exceed 10 inches, 2,4-D might be used as a permanent soil sterilant, but in general other chemicals are preferable.
Results in the field have proved that 2,4-D will not decompose in soils of the semiarid western states as readily as it does in regions of summer rains. This was predicted from the first preliminary runs in preparation for the studies reported here (Crafts, 1946) . Two years' field experience (Harvey and Crafts, 1945) has confirmed the prediction and the results reported here explain the reasons.
Apparently 2,4-D remains active in soils after its application for a period of time depending largely upon temperature and moisture. In practically all cases of injury in the field the soils have been dry while they were warm. April, 1949J Crafts: fJ,4-D in Soils 155 Moistening by rainfall during the cold winter period did not result in sufficient decomposition to render the soil free of toxicity. Many losses have occurred from spring planting of vegetable varieties on soils sprayed coincidental with weed control during the previous fall.
In the experiments reported here, toxicity was sufficient to reduce growth during the initial cropping period in most soils. By the second crop little toxicity remained. By the third crop, stimulation was evident in many in-' stances. These soils were kept moist during crop growth, and were warm because the greenhouse was heated.
In addition to temperature and moisture, soil reaction evidently affects the residual toxicity of 2,4-D, breakdown being slower in neutral and alkaline soils than in acid ones. Furthermore, an alkaline reaction brings about ionization of 2,4-D producing anions of the active particle. These anions, because of their negative charge, would not readily enter bacteria or fungi, and would not tend to adsorb on soil colloids. They could be taken up by plant roots, which are highly specialized for absorbing ions, and their presence in the plant would result in injury (Crafts, 1948b) . These facts help to explain the slow breakdown and high residual toxicity of 2,4-D observed so often in the field.
Although the small number and wide variety of soils tested by percolation ..
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